Exotic 1 States in QCD Sum Rules 



(N 

O 
(N 



(N 
> 



(N 

d 



X 



Raphael M. Albuquerqucfl and Marina Nielseilll 
Instituto de Fisica, Universidade de Sao Paulo, 
CP. 66318, 05315-970 Sao Paulo, SP, Brazil 

Romulo Rodriffues da Silv£0 
UAF, Universidade Federal de Camptna Grande 
58.051-970 Campma Grande, PB, Brazil 

Using the QCD sum rules we test if the charmonium-like structure Y'(4260), observed in the J/tpmr 
invariant mass spectrum, can be described as a exotic state, with a J/ip /o(980) molecular current 
with J^'~" = 1 . By exotic we mean a more complex structure than the simple quark-antiquark 
state and not exotic J^^ quantum numbers. We consider the contributions of condensates up to 
dimension six and we work at leading order in as. We keep terms which are linear in the strange 
quark mass rris. The mass obtained for such state is my = (4.67 ± 0.09) GeV, when the vector 
and scalar mesons are in color singlet configurations. We conclude that the proposed current can 
better describe the 1^(4660) state that could be interpreted as a ^'(25') /o(980) molecular state. We 
also use different J^^ = currents to study the recently observed Yf,(10890) state. Our findings 
indicate that the Fi,(10890) can be well described by a scalar-vector tetraquark current. 

PACS numbers: 11.55.Hx, 12.38.Lg , 12.39.-x 



I. INTRODUCTION 

Most of the states recently observed at the B fac- 
tories and the Tevatron, the X, Y and Z states, do 
not fit the quarkonia interpretation. Their produc- 
tion mechanism, masses, decay widths, spin-parity 
assignments and decay modes have been discussed 
in some reviews [H-Q- Particularly interesting are 
the 1~~ states, observed in e+e~ annihilation. The 
first state in the 1 family discovered in the e^e~ 
annihilation through initial state radiation was the 
y(4260) Repeating the same kind of analysis 
leading to the observation of the y(4260) state, in 
the channel e+e" 77Sfl^(25')7r+7r^, BaBar [5j] 
has identified another broad peak at a mass around 
4.32 GeV, which was confirmed by Belle [sj. Belle 
found that the ip''K~^T:~ enhancement observed by 
BaBar was, in fact, produced by two distinct peaks 
the y(4360) and the r(4660). In the bottom sec- 
tor, the Belle's observation of an anomalously large 
T(nS')7r+7r^, n — 1,2,3 production around the 
T{5S) lead to the proposal of the existence of a new 
resonance. A Breit-Wigner resonance shape fit 
yields a peak mass of (10888.412-^ ± 1.2) MeV/c^ 
which is called ^(,(10890) J]. 

There are many theoretical interpretations for 
these states [iHi. In the case of F(4260), al- 
though it seems not to fit the charmonium spec- 
trum [1], a proposal to accommodate it as a 45' 
state has been made in There are many other 



interpretations for this state: tetraquark state |l(j |. 
hadronic molecule of DiD, DqD* [ill Ell: Xciw 
[11, XxlP H, J^/V'/o(980) dlLa hybrid charmo- 
nium [16] , a charm baryonium [if] , a cusp fl8l-[20l| , 
etc. Within the available experimental informa- 
tion, none of these suggestions can be completely 
ruled out. For the Fb (10890) it has been inter- 
preted as a tetraquark state, in a P-wave scalar- 
diquark scalar-antidiquark configuration [2ll [22| . 
An alternative scenario is that the anomalously 
large T(nS')7r+7r^ , n = 1, 2, 3 production observed 
by the Belle Collaboration does not come from 
a new resonance but via s ub-p rocess T(5S') — >■ 
^ T{1S,2S)TT+Tr- dim. 
In this work we use the QCD sum rule ap- 
proach (QCDSR) [H-d^] to check if the proposed 
J/V'/o(980) assignment for the ^(4260) [H is 
supported by a direct QCDSR calculation. We 
also study if a similar T/o(980) current, and a 
tetraquark current (in a scalar- vector diquark con- 
figuration) could describe the Yh(10890) state. 



II. QCD SUM RULES 

The QCDSR approach is based on the two-point 
correlation function 

n^.(9) = ^ fd^x e^^-^0\T[j^{x)jlm\0), (1) 



'Electronic address: |rma@if.usp.br| 

^Electronic address: mnielsen@if.usp.br 

t Electronic address: ,romulo@df. ufcg.edu.br] 



where the current j^{x) contains all the informa- 
tion about the hadron of interest, like quantum 
numbers, quarks contents and so on. 

We can write the correlation function in Eq. ([l} 
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in terms of two independent Lorentz structures: 

n,.(,) = -ni(g2)(g^,_M^i)+no(g2)M^i. (2) 

The two invariant functions, Hi and Hq, appearing 
in Eq. ([2]) , have respectively the quantum numbers 
of the spin 1 and mesons. Therefore, we choose 
to work with the Lorentz structure g^i^, since it 
gets contributions only from the vector state. 

The QCD sum rule is obtained by evaluating the 
correlation function in Eq. ([T]) in two ways: in the 
OPE side, we calculate the correlation function at 
the quark level in terms of quark and gluon fields. 
We work at leading order in ag in the operators, we 
consider the contributions from condensates up to 
dimension six and we keep terms which are linear 
in the strange quark mass rris- In the phenomeno- 
logical side, the correlation function is calculated 
by inserting intermediate states for the hadronic 
state, H, and parametrizing the coupling of these 
states to the current jfiix), in terms of a generic 
coupling parameter A, so that: 

{Q\j,\Y)^\e^, (3) 

where is the polarization vector. 

The phenomenological side of Eq. ([T]), in the g^^ 
structure, can be written as 

oo 

nf ^"(9^) = + Ids P—^^ (4) 

where is the hadron mass and the second term 
in the RHS of Eq. Q denotes higher resonance con- 
tributions. The correlation function in the OPE 
side can be written as a dispersion relation: 

oo 

nriq')^ f dsP^, (5) 

where mg is the heavy quark mass and p°^'^{s) 
is given by the imaginary part of the correlation 
function: i: p°P^ {s) = lm[Iil^\s)]. 

As usual in the QCD sum rules method, it is 
assumed that the continuum contribution to the 
spectral density, p^°"*(s) in Eq. vanishes bel- 
low a certain continuum threshold sq- Above this 
threshold, it is given by the result obtained with 
the OPE. Therefore, one uses the ansatz 

p™"*(s)=p°f-(s)e(s-so). (6) 

In general, the continuum threshold sq is a pa- 
rameter of the calculation which is connected to 
the mass of the studied state, H , by the relation 
So ^ (Af„ -f 0.5GeV)2. 

To improve the matching between the two sides 
of the sum rule, we perfom a Borel transformation. 



which introduces the Borel parameter r — 
where M is the Borel mass. After transferring the 
continuum contribution to the OPE side the sum 
rule, in the g^^i, structure, can be written as 

So 

X^e-^^^l ^ ^ J dse-'^ . (7) 

To extract we take the derivative of Eq. ([7]) 
with respect to Borel parameter r and divide the 
result by Eq. (O, so that: 

So 

J ds se'"^ p°P''{s) 



III. J/ip /o(980) MOLECULAR STATE 

A possible current that couples with a 
J/'ip /o(980) molecular state, with the quantum 
numbers J^^ = 1 , is given by: 

= (Ci 7m Ct) (sj Sj) (9) 

where i,j are color indices and q, Sj are the charm 
and strange quark fields respectively. Although 
there are conjectures that the /o(980) itself could 
be a tetraquark state [1^, in ref. [s^l it was 
shown that it is difficult to explain the light scalars 
as tetraquark states from a QCDSR calculation. 
Therefore, here we use a simple quark- ant iquark 
current to describe the /o(980). 

Another possibility for the current is considering 
the vector and scalar parts in a color octet config- 
uration: 

j^l = ^tjlt^ Kk Sk) , (10) 

where are the Gell-Mann matrices. The two 
currents can be related by the change: — ?> j'^ 
with A^ 6ij. Although the current in Eq. dlU)) 
can not be interpreted as a meson- meson current, 
since the vector and scalar parts carry colour, for 
simplicity we still call it a molecular current. Since 
the currents in Eqs. ^ and (flUl) have the lowest 
dimension for a four-quark current with the 1 
quantum numbers, from the theory of composite- 
operator renormalization [sH ] we expect these cur- 
rents to be multiplicatively renormalizable. 

The spectral density p°P^(s), for the J^"^' = l"" 
exotic state described by a J/ip /o(980) molecular 
current, up to dimension-six condensates, can be 
written as: 
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TABLE I: QCD input parameters. 



Parameters 



Values 



mt{mt) 
mc{mc) 

im) 

K = {ss)/{qq) 

{sGs)/{ss} 



ml 



(4.24 ± 0.05) GeV 
(1.23 ± 0.05) GeV 
(0.13 ±0.03) GeV 
-(0.23 ± 0.01)^ GeV^ 
0.88 GeV* 
(0.74 ±0.03) 
0.8 GeV^ 



p°f^(s) 



,{qGq) 



(qq) 



(s)±p 
(s) 



(^) 



(11) 



The expressions for p°P'^{s) for the currents in 
Eqs. (dl and (fTO]) . using factorization hypothesis, 
are given in appendix [A] 

To extract reliable results form the sum rule is 
necessary to stablish the Borel window. A valid 
sum rule exist when one can find a Borel window 
where there is a OPE convergence, a r-stability 
and where there is a dominance of the ground state 
contribution. The maximum value of t parameter 
is determined by imposing that the contribution 
of the higher dimension condensate is smaller than 
20% of the total contribution: Tmax is such that 



OPE summed up dim n-1 (Tmax) 



total contribution (Tmax) 



= 0.8. (12) 



Since the continuum contribution decreases with 
T, due to the dominance of the perturbative con- 
tribution, the minimum value of r is determined 
by imposing that the ground state contribution is 
equal to the continuum contribution. To guarantee 
a reliable result extracted from sum rules it is im- 
portant that there is a t stability inside the Borel 
window. 

For a consistent comparison with the results ob- 
tained for the other molecular states using the 
QCDSR approach, we have considered here the 
same values used for the quark masses and con- 
densates as in refs. [l^ 32-38], listed in Table H] 

We start with the current in Eq. As men- 
tioned above, the continuum threshold is a physi- 
cal parameter that should be determined from the 
spectrum of the mesons. The value of the con- 
tinuum threshold in the QCDSR approach is, in 
general, given as the value of the mass of the first 
excited state squared. In some known cases, like 
the p and J/ip, the first excitated state has a mass 
approximately 0.5 GeV above the ground state 
mass. In the cases that one does not know the spec- 
trum, one expects the continuum threshold to be 
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FIG. 1: J/i/j /o(980) current in a color singlet configu- 
ration, a) OPE convergence in the region 0.10 < r < 
0.40 GeV-2 for ^ = 5.10 GeV. We plot the relative 
contributions starting with the perturbative contribution 
(dot-dashed line), and each other line represents the rela- 
tive contribution after adding of one extra condensate in the 
expansion: -|- (ss) (solid line), + (G^) (long-dashed line), 
+ (sGs) (dotted line) and -|- (ss)^ (dashed Une). b) The 
pole (solid line) and continuum (dotted line) contributions 
for y^so = 5.10 GeV. c) The mass as a function of the 
sum rule parameter r for ^/sq = 5.00 GeV (dotted line), 
^ = 5.10 GeV (solid line) and = 5.20 GeV (dot- 

dashed line). The crosses indicate the valid Borel windowr. 



approximately the square of the mass of the state 
plus 0.5 GeV: sq = [Mh + 0.5 GeV)^. There- 
fore, to fix the continuum threshold range we ex- 
tract the mass from the sum rule, for a given sq, 
and accept such value of sq if the obtained mass 
is in the range 0.4 GeV to 0.6 GeV smaller than 
^/so. Using this criterion, we obtain sq in the range 
5.0 < < 5.2 GeV. 

In Fig. [T^) we show the relative contribution of 
the terms in the OPE side of the sum rule, for 
^/so = 5.10 GeV. From this figure we see that 
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the contribution of the dimension-6 condensate is 
smaUer than 20% of the total contribution for val- 
ues of T < 0.33 GeV~^, which indicates a good 
OPE convergence. From Fig.[TlD), we also see that 
the pole contribution is bigger than the continuum 
contribution only for r > 0.28 GeV~^. There- 
fore, we fix the Borel window as: (0.28 < r < 
0.33) GeV^^ From Eq. ©, we can calculate the 
ground state mass, which is show, as a function of 
r , in the Fig. [TJ;). From this figure we see that 
there is a very good r stability in the determined 
Borel window, which is shown, through the crosses, 
in Fig.[Tt). 

Varying the value of the continuum threshold in 
the range ^/sq — 5.10 ± 0.10 GeV, and the other 
parameters as indicated in Table U we get: 



My = (4.67 ±0.09) GeV 



(13) 



This mass is not compatible with the proposi- 
tion in [III, which describes the F(4260) state as 
the J/ip /o(980) molecular state. By the other 
hand, this result is in an excellent agreement with 
the mass of the F(4660) state. The obtained 
mass is largely above the J/^p /o(980) threshold 
and, therefore, such molecular state would not be 
bound. One has to remember, however, that the 
current in Eq © is written in terms of the currents 
that couples with the J/^/j and /o(980) mesons, but 
it also couples with all excited states with the J/ip 
and /o(980) quantum numbers. From the QCDSR 
analysis presented here we can only warranty that 
the mass in Eq. ([T3| is the mass of the ground state 
of all states described by the current in Eq ©, 
but not that its constituents, described by the 
Ci^p,Ci and SjSj currents, are the ground states 
of these currents: the J/ip and /o(980) mesons. 
Therefore, it is possible that the mass obtained 
in Eq ([T^ describes a ip' /o(980) molecular state, 
since the ip' /o(980) threshold is at 4.66 GeV, com- 
patible with a loosely bound state. The interpre- 
tation of the F(4660) as a tp' /o(980) molecular 
state was first proposed in ref. [3^ and is also 
in agreement with the y(4660) main decay chan- 
nel: r(4660) -> ^'(25') TT+TT". It is also important 
to mention that our result indicates that, from a 
QCDSR point of view, there is no J/^p /o(980) 
bound state. 

In the case of the current in Eq. (|10p we obtain sq 
in the range 5.4 < y/so < 5.6 GeV. The results for 
this current are shown in Fig. [21 from where we can 
see that, for ^/sa — 5.50 GeV, the Borel window is 
fixed as: (0.23 < r < 0.33) GeV"^ Varying the 
continuum threshold in the range ^/so — 5.50 ± 
0.10 GeV, and the other parameters as indicated 
in Table U we get: 
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FIG. 2: J/tp /o(980) molecule in a color octet configu- 
ration, a) OPE convergence in the region 0.13 < t < 
0.37 GeV-2 for ^ = 5.50 GeV. We plot the relative 
contributions starting with the perturbative contribution 
(dot-dashed line), and each other line represents the rela- 
tive contribution after adding of one extra condensate in the 
expansion: -|- {ss) (solid line), + (G^) (long-dashed line), 
+ (sGs) (dotted line) and + (ss)^ (dashed line), b) The 
pole (solid line) and continuum (dotted line) contributions 
for y'so = 5.50 GeV. c) The mass as a function of the 
sum rule parameter r for .y/so = 5.40 GeV (dotted line), 
= 5.50 GeV (solid Une) and ^ = 5.60 GeV (dot- 
dashed line). The crosses indicate the valid Borel window. 



This value for the mass is not compatible with any 
observed charmonia state. Besides, comparing the 
results in Eqs. ([TS]) and (fT4)) . we conclude that a 
molecular state with cj^c and ss in color octet con- 
figurations has a bigger mass than the similar state 
when C7^c and ss are in a color singlet configura- 
tion. This result is the opposite than the result 
obtained in ref. (40| for a J /ipn current. However, 
in ref. \^\ the same range of the continuum thresh- 
old was used for both currents. In the present case 
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we see that if we use y/Jg = 5.10±0.10 GeV for the 
current in Eq. (jlOp we do not find a Borcl window. 
This is the reason why we had to work with bigger 
values of sq for the current in Eq. ([TU)) . 



both, color singlet and color octet configuration, as 
given in Eqs. ^ and (fTO|) . We obtain similar OPE 
convergence and pole dominance as in the charm 
sector. 



IV. J/i/j<t(600) molecular STATE 



TABLE IIL Results for the T /o and T a currents. 



It is straightforward to extend the study pre- 
sented in the above section for the non-strange 
case. To do that one only has to use (ss) = (qq) 
and nis = in the spectral density expressions 
given in appendix [X] In this case, to obtain a Borel 
window we need to release the condition in Eq. (|12l) 
and allow Tmax to be determine by imposing that 
the dimension-6 condensate could be 25% of the 
total contribution. This indicates that the OPE 
convergence is worse in this case as compared with 
the J /i/jf o{980) case. This is due to the fact that 
the dimension- 3 and dimension- 5 condensates do 
not contribute in this case. In Table HIl we present 
the result obtained for the mass with the two cur- 
rents, together with the used continuum threshold 
range. 



TABLE IL Results for the J/ip a currents. 



current in Eq. 


M„{GeV) 


^/i^(GeV) 


m 


4.63 ±0.10 


5.1 ±0.1 


m 


4.97 ±0.08 


5.5 ±0.1 



As one can see from Table |TT1 the results ob- 
tained with the J/iJj (t(600) molecular current are 
in agreement with the results obtained with the 
J/ip /o(980) current, which is not what one would 
naively expect. However, this kind of findings is 
not uncommon in QCDSR calculations for multi- 
quark states [111 . Again, since the masses obtained 
are largely above the J/4> 17(600) threshold, we 
conclude that there is no J/tp f7(600) bound state. 
In this case, since the mass obtained is also above 
the ip' (t(600) threshold we can not interpret the 
y (4660) as a ip' cr(600) molecular state, despite the 
fact that the obtained mass is in agreement with 
the r(4660) mass. 



T/o(980) AND To-(600) MOLECULAR 
STATES 



It is also straightforward to extend the previous 
study to the b-sector. To do that one only has to 
make the change tUc — and for the non-strange 
case use = in the spectral density expressions 
given in the appendix [X] This allow us to study 
the molecular currents: T/o(980) and T(t(600), in 



States 


Mh 


Borel Window 






(GeV) 


(GeV- 2) 


(GeV) 


Color Singlot 








T/o(980) 


10.75 ±0.12 


0.11 < r < 0.15 


11.3 ±0.1 


T a(600) 


10.74 ± 0.09 


0.11 < T < 0.13 


11.3 ±0.1 


Color Octet 








T/o(980) 


11.08 ±0.11 


0.11 < T < 0.14 


11.7 ±0.1 


T a(600) 


11.09 ±0.10 


0.10 < T < 0.13 


11.7±0.1 



In Table IIIII we present the results obtained for 
the masses of the states described by T/o(980) and 
T cr(600) currents, together with their respective 
continuum threshold range and valid Borel win- 
dow. 

From this Table we see that, as in the charm 
sector, the masses obtained with the T /o and 
T a currents are very similar and that the relative 
differences with the singlet and octet currents are 
smaller than in the charm sector. This is also con- 
sistent with the findings in ref . (4l| , where different 
1 tetraquark currents where used, in a QCDSR 
calculation, with similar results for the different 
currents and also for non-strange and strange sec- 
tors. Considering the errors, all the masses ob- 
tained with these currents are compatible with the 
mass of the recently oserved yf,(10890) state. How- 
ever, since the T(15') /o and T(25') /o thresholds 
are at 10.44 GeV and 11.00 GeV respectively, and 
that the thresholds with a are around 380 MeV 
below these numbers, the only possible molecular 
interpretation for the yb(10890) is that it could be 
a T(2S') /o molecular state. 



VI. TETRAQUARK CURRENT FOR THE 
yb(10890) 

In ref. [2l| the y(10890) was interpreted as a 
bound tetraquark state [bq] [bq] = QQ with the spin 
and angular momentum quantum numbers: Sq = 



0, 



Sq 



^QQ ~ ^QQ ~ ^- This same config- 



uration was used in a QCDSR calculation i2^] and 
the obtained mass was 10.88 ±0.13 GeV, in a very 
good agreement with the F(10890) mass. In this 
section we want to check if the tetraquark current 
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FIG. 3: [bq][f)g] tetraquark state, a) OPE convergence in 
the region 0.07 < r < 0.16 GeV^ for = 11.50 GeV. 
We plot the relative contributions starting with the pertur- 
bative contribution (dot-dashed line), and each other line 
represents the relative contributions after adding of one ex- 
tra condensate in the expansion: -|- (G^) (long-dashed line), 
+ (qGq) (solid line) and -|- (gq)^ (dashed line), b) The 
pole (solid line) and continuum (dotted line) contributions 
for ,yj(} = 11.50 GeV. c) The mass as a function of the 
sum rule parameter r for y^io = 11.40 GeV (dotted line), 
^ = 11.50 GeV (solid line) and ^ = 11.60 GeV (dot- 
dashed line). The crosses indicate the valid Borel window. 
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a) OPE convergence in 
-2 for ^ = 11.60 GeV. 



FIG. 4: [f)s][bs] tetraquark state, 
the region 0.07 < r < 0.16 GeV" 
We plot the relative contributions starting with the per- 
turbative contribution (dot-dashed line), and each term 
other line represents the relative contributions after adding 
of one extra condensate in the expansion: -|- (ss) (dot- 
ted line), + {G^) (long-dashed line), (sGs) (solid line) and 
(ss)^ (dashed line), b) The pole (solid line) and contin- 
uum (dotted line) contributions for y'so = 11.60 GeV. c) 
The mass as a function of the sum rule parameter r for 
^ = 11.50 GeV (dotted line), ^ = 11.60 GeV (solid 
line) and y^so = 11.70 GeV (dot-dashed line). The crosses 
indicate the valid Borel window. 



constructed with scalar and vector diquarks: 



((jfC756j)(g;7M75Cc^) 



(15) 



can also be used to describe the y (10890). In 
Eq. ([T5t k, . . . are color indices, C is the charge 
conjugation matrix, q = u,d, s is the light quark 
field and b is the quark bottom field. Notice 
that the main decay channel: Yf, — ^ T(15')7r+7r~, 



does not necessary indicate that Yh has only light- 
quarks in its composition, if it is interpreted as a 
four-quark state. In fact, it is very interesting to 
investigate any possiblity to the quark content for 
this tetraquark state. The expressions for p°P'^{s) 
for the current in Eq. (I15|) are given in appendix 

El 

We consider first the tetraquark state 

and the results are shown in Fig. |3l As explained 
above, we extract the mass from the sum rule, for 
a given sqi and accept such value if the obtained 
mass is around Vsq — 0.5 GeV. Using this criteria 
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we got 11.4 GeV < < 11.6 GcV. 

Varying the value of the continuum threshold in 
the range: ^/so = 11.50±0.10 GeV, and taking into 
account the uncertainties as indicated in Table|T]we 
get: 

My, (10.91 ± 0.07) GeV , (16) 

which is in an excellent agreement with the ob- 
served mass for yf,(10890). Therefore, we conclude 
that this state could also be described as a [bq] \bq] 
tetraquark state, in a scalar-vector configuration. 

Considering the strange quark mass in the cur- 
rent (ITSI) and doing the same analysis as before, 
we obtain the results shown in Fig. |4] for the 
[6s] [&s] tetraquark state. The valid Borel win- 
dow in this case is: (0.10 < r < 0.15) GeV"^ 
Varying the continuum threshold in the range: 
y/so = 11.60 ± 0.10 GeV, and the parameters as 
indicated in Table |T] we get: 

My,, = (10.97 ± 0.10) GeV . (17) 

In this case the differences in the masses obtained 
for the non-strange and strange exotic tetraquark 
states are larger than is the case of the T /o and 
T a molecular currents. Therefore, comparing the 
results presented in Table Hill and in Eqs. (ITCl) and 
((TT)) . we conclude that the 1^6(10890) is better de- 
scribed by a \bq] \bq] tetraquark current, as sug- 
gested in ref. |2ll |. 

VII. CONCLUSIONS 

We have studied the mass of the 1 exotic 
states using QCD sum rules. We find that the 
molecular currents J/^ /o(980) and J/t/j cr(600) 
lead to (almost) the same mass predictions, the 
difference being only around 30 MeV. The mass 
obtained for the molecular state is smaller when 
the vector and scalar mesons are in the color sin- 
glet configuration, as compared with the color 
octet configuration. The masses obtained with 
the J/ip /o(980) and J/^p cr(600) currents are in 
agreement with the y(4660) mass. This result 
is not compatible with the proposition presented 
in ref that the r(4260) state could be a 

J/i^ /o(980) molecular state. Since the mass ob- 
tained with the J/ip /o(980) current is above the 
J/ip /o(980) threshold, we conclude that this cur- 
rent could be describing a i/'(2<S') /o(980) loosely 
bound molecular state, that could be associated 
with the Y'(4660), as suggested in [39j . 

We have also studied the T /o(980) and T ct(600) 
molecular currents, in color singlet and color octet 
configuration for the mesons. Also in this case the 
masses obtained with the T /o and T a currents 
are in agreement with each other, and the mass 



obtained for the molecular state is smaller when 
the two constituents mesons are in the color singlet 
configuration. 

Finally we have studied the scalar-vector 
tetraquark current in the strange and no-strange 
sectors. We find that the newly observed ¥{,(10890) 
state can be well described by a [bq] \bq] tetraquark 
current, as suggested in ref. l2l[. However, consid- 
ering the uncertainties, the T /o and T a molecular 
currents cannot be discarded. More experimen- 
tal data on the 1^(10890) decay channels could 
be used to discriminate between different assign- 
ments. 
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Appendix A: Spectral Densities 

The spectral densities expressions for 
J/^ /o(980), J/^ cr(600), T /o(980) and T cr(600) 
molecular currents, were calculated up to 
dimcnsion-6 condensates, in the g^^i, structure, at 
leading order in as ■ We have kept terms which are 
linear in the strange quark mass m^. To keep the 
heavy quark mass finite, we use the momentum- 
space expression for the heavy quark propagator. 
We calculate the light quark part of the correla- 
tion function in the coordinate-space, and we use 
the Schwinger parameters to evaluate the heavy 
quark part of the correlator. To evaluate the d'^x 
integration in Eq.([T]), we use again the Schwinger 
parameters, after a Wick rotation. Finally we get 
integrals in the Schwinger parameters that can 
be performed after scaling these parameters and 
introducing a delta function in the scale parameter 
42]. The result of these integrals are given in 
terms of logarithmic functions, from where we 
extract the spectral densities and the limits of the 
integration. The same technique can be used to 
evaluate the condensate contributions. For that 
we have only to use the OPE expansion for the 
propagators. For the light quark propagator we 
use 0: 

Sab{^)^{OTMx)qM])O^^J-^ 

- %^(^(7'-^'' + ^^''^)-™,a''''ln(-.^)) 
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^^—^mqiqGq):/:, 



(Al) 



where we have used the fixed-point gauge. For 
heavy quarks, as explained above, we work in the 
momentum space and the OPE expansion for the 
heavy quark propagator is given by: 

Sabip) 



p2 _ jj^2 



4 



2 _ ^2H • 



(A2) 



We have considered the compact notation for 
both color singlet and octet configurations, since 
the difference between them is only proportional 
to a color factor. For this we define: 



n(^Gs)(. _ rns{sGs ) 
Pm - 32.24^ 



j(32A^ + 3A^*) / daa{l-a)s, 



The spectral densities expressions for [bq] \bq] and 
[6s] [&s] tetraquark states with the current defined 
in Eq. ()15p are given by: 



OLriiax 1 — a 

1 [ da [ dp 



3 ■ 210 7r6 J ofij 13^ 



{l-a-l3)Fl(a, 



2ml (1 - a - /3)^ - 3(1 + « + l3)Fi,{a, 0) 



1^" r 2 r-, \ 

— - q{1 - a)s 

all — a) 



v(l - a) 



Color Factor 


Mesons in 


Mesons in 




Color Singlet 


Color Octet 


M 


9/25 


1 


M* 


-9/2^ 


1 



where we have normalized the factor to the color 
octet configuration. Therefore, we obtain the fol- 
lowing expressions: 



p^'Hs) 



p^Hs) 



N f da 



3 -27776 / a3 / /33 



(l_a-/3)F3(a, 



X [{l + a + f3)FQ{ 
Mms{ss) 



a,/3)-4m^(l-a-/3)] 



47r4 



da 



HQ{a) f da 



a{l — a) I a I (3 



xFQ(a,/3) (FQ{a,/3) + 2m^) 



Km-* fdaJ!M±^32Mml, 



32 ■ 2ll7r6 



Ctmax I — a 



a{l — a) 



(l-a-/3) 



'da f dp 

~J T 



ml(5-a-P) + 2Fb{a,P) 



Ctmax 1 — a 



32 ■ 211 ttS / a ^ """^ 



2mla{\-a-pf 



+3ml(l-a-l3) 



2-2a{4+a + l3)-l3{l+a+l3) 

xFt(a, (3) + 6/3 (1 - 2a - 2/3) F^ia, 13) \ 
(qGq) 



da 

2m„ I — 



3 ■ 2^ vr' 



O^max 1 — a. 

[da [df3 

"min Pmin 



8mfa + {l-a)Ht{a) 



{I~a-l3) + 2a{a+l3) 



d/3 



x(3FQ(a,/3) +m^/3) - /3(l + a+/3)FQ(Q, /3) 



xFf,{a, 0) — rriq J da 

m2(9-3a-5/3) + 7Fh(a,l3) 

Ctmax 



3 ■ 23 7r2 



da [3m2 — a(l — a)s 



-N* 



da , „ , 



{l-a-l3)FQ{a, 



x(3-a-/3) -(-6m^{2 + Q-t-/3)a/3 -60^/325 



In all expressions we have used the following def- 
initions: 

FQia,/3) = mlia + 13) - a(3s, (A3) 
HQ{a) = mQ-a{l-a)s (A4) 
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and the integration limits are given by: 

a^,n = (1 - .y/l-4mys)/2 , (A5) 

Umax = (1 + y^l-4m|/s)/2 , (A6) 

/3mm = am^Q/{sa-rn^Q) . (A7) 



The index Q = c or 6 indicates the heavy quark 
content in the current. We have neglected the con- 
tribution of the dimension-six condensate (g^G^), 
since it is assumed to be suppressed by the loop 
factor l/167r^. 
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